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SUMMARY /Y /3 /

A general derivation is given for the earth reflected solar radiation
input to a flat plate—a solar cell paddle, for example—which is spinning
about an axis coincident with the axis of symmetry of the satellite to
which it is affixed. The resulting equations are written for the general
case so that arbitrary orientations of the spin axis with respect to the
earth-satellite line and arbitrary orientations of the normal to the plate
with respect to the spin axis can be treated.

No attempt is made to perform the resulting integrations because
of the complexity of the equations; nor is there any attempt to delineate
the integration limits for the general case. However, the equations
governing these limits are given. The appendixes contain: the results,
in graphical form, of two representative examples; the general com-
puter program for the calculation is given in Fortran notation; and the
results of a calculation of the distribution of albedo energy on the pro-
posed Echo II satellite. The value of the mean solar constant used is
1.395 x 10% erg/cm?-sec; the mean albedo of the earth is assumed to
be 0.34; and the earth is assumed to be a diffuse reflector.
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EARTH REFLECTED SOLAR RADIATION
INCIDENT UPON AN ARBITRARILY

ORIENTED SPINNING FLAT PLATE

by
Fred G. Cunningham
Goddard Space Flight Cenler

INTRODUCTION

In a recent series of papers (References 1 through 5) an attempt has been made to derive and
present in a clear, useful manner the methods and results by which some of the power inputs to an
orbiting earth satellite can be determined (this is necessary before a thermal analysis can be under-
taken). The intention has been to treat the problems by assuming models which would provide the
most useful and accurate information for the design engineer, and which would be soluble within the
scope of the limited mathematics used in this paper and throughout the previous work. The approach
used in this work assumes that (1) any latitudinal fluctuations and variations in the surface radiation
and reflection properties of the earth, including the effect of the atmosphere, can be overlooked; and
(2)that the net effect on the satellite can be predicted, to within useful limits, by assuming an average,
uniform distribution of these properties over the surface of the earth. The advantage of this type of
treatment is that these mean properties enter into the problem simply as multiplicative factors and,
hence, the results already obtained can be brought up to date (as new values of the mean parameters
become available) by a simple multiplication. It is apparent that a detailed analysis of the spectral
distribution, intensity, variation with altitude, variation with latitude, etc., of earth radiation and
earth reflected solar radiation is certainly necessary for any study pertaining to the physics of the
atmosphere and the radiation balance of the earth, from which more accurate values of these ""mean”
parameters can be determined.

The previous papers (Reference 1 through 5) have not considered the problems which allow for
easy calculation (for example, the earth radiation to a sphere reduces to a trivial problem once the
model for the earth has been chosen) nor do they contain approximations for satellite geometries
which are so complicated that even an attempt at a description of the problem would be excessively
complicated and tedious. The analyses have been limited to spheres and to flat plates, both stationary
and spinning. It is hoped that all these results can be applied usefully to the bulk of satellites which
do approximate spherical shapes or which are composed of a group of planes or flat plates. In addi-
tion, this analysis lends itself to the solution of the unshaded solar cell paddle problem.
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The present paper extends the results of the previous work to the problem of determining the
earth reflected solar radiation (the albedo) incident upon a spinning flat plate. This flat plate is, pre-
sumably, the best representation of a typical solar cell paddle commonly in use today.

The following assumptions are made:

(1) The earth can be represented by a uniform sphere whose radius is equal to its mean radius,
6367.5 km (Reference 6);

(2) The albedo of the earth is latitude and longitude independent and can best be represented by
its mean value, 0.34 (Reference 7);

(3) The earth is a diffuse reflector of solar radiation;
(4) The solar constant canbe replaced by its mean value, 1.395 x 106 erg/cm?-sec (Reference 8);
(5) The axis of spin of the satellite is coincident with its axis of symmetry (Reference 4).

Save for these assumptions, the paper contains no further approximations. In fact, the paper is
perfectly general, and in it an attempt has been made to treat every possible orientational configura-
tion regardless of the geometrical complexity. Of.course, this means that it is impossible to define
all of the possibilities separately and list the limits of integration for each case. However, the rules
for determining these limits are clearly listed just as they were written into the computer program.

In Appendixes F and G, there are presented in graphical form the results of two calculations.
Appendix F treats what is hoped to be a suitable representative example of the case where the spin
axis of the plate (satellite)is coincident with the radius vector from the satellite to the earth's center.
Appendix G treats a representative example from the general case where the spin axis makes an
arbitrary angle with the radius vector. In Appendix H, there is presented a general Fortran program
for the computation. Since an elemental area of any satellite—whatever its configuration—can be
considered a flat plate and its normal defined, the method developed in this paper lends itself to the
determination of the albedo energy distribution on the satellite, albeit a tedious process for the gen-
eral case. However, for a spherical satellite the problem is quite simple. Consequently, in Ap-
pendix I there are presented curves showing the distribution of albedo energy on the proposed Echo II
satellite. This example is included to illustrate the use of the method for determining the energy
distribution on unshielded portions of a satellite.

ANALYTICAL TREATMENT

The geometrical situation and the relevant parameters are depicted in Figure 1. The associated
definitions are:

§

the mean solar constant;

5 the solar vector;

the mean albedo of the earth;
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ds = the element of terrestial surface-

yA
area;
r = the vector between the plate and the /:
earth's center; }\A
p = the vector between the plate and ds; ﬂ/ﬂ AN
A = the normal to the plate;
5
8 = the angle between the negative of the 42 t
solar vector and dz; 50“\
6, = the angle between the solar vector N
and r; ! r] .
| 35 s
@ = the colatitudinal coordinate of d3; H
1
1 fo g
x = the angle between A and r; ! X
]
|
n = the angle between A andp; d
i
¢ = the azimuthal coordinate of d&3; ! 4
r, = the radial coordinate of a3, r, is :
equal to 1 by definition;
£ = the angle between ds and —p; and
o = the angle between randp. Y
The general expression for the reflected Figure 1—Geometry of the problem.
solar radiation incident upon a flat plate of unit
area is
B Sacos 8 cos 7
P = J’2 = cos & P ds . (1)

In this expression it is not necessary to refer to the vector properties of the parameters because the
angular dependence is already indicated. In Equationl, SacosBds gives the amount of incident solar
energy reflected by d=. This quantity multiplied by (cos £)/n gives the amount of energy reflected by
ds in the direction of the plate per unit solid angle. The factor (cos 7) /p?gives the solid angle sub-

tended at ds by the plate of unit area; and dg is the relevant terrestrial surface area over which the
function is integrated.

As is shown in Reference 2 and Appendix A, Equation 1 becomes

' 2)

gaJ'J'(rcose—l)(cosBCOSS’+sin93in85cos¢)cosnsin9d9d¢
P = —
KA (r2+1‘2rc058)3/2

where r is in mean earth radii. A method for determining all of the relevant geometrical quantities
using simple vector analysis is presented in the Appendixes. In Appendix A the derivation for cos¢
is given. G
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Figure 2—Definition of the angle 7.

The expression for cos 7 in Equation 2 has
not yet been determined. Before this can be done
another angle, {, must be introduced, which will
help define the position of A more precisely
(see Figure 2). It is obvious that even though
the angle A remains constant, the value of the
angle 7 is not invariant for rotation of A about r.
The angle { introduced above will define this
angle of rotation of A about r. In fact, the case
mentioned here is just a special case of a more
general rotation, or spin, about an arbitrary
axis, which shall be considered. Clearly, we mus(
define a system reference from which all quanti- -
ties will be measured. The obvious one is the
combination of the solar vector S, and the plane
of S and r, that is, the Sr plane. The Z axis is
chosen to lie along r and the X axis lies perpen- -
dicular to r in the Sr plane. The azimuthal angle
¢, as well as {, is measured from the X axis in

the XY plane. The angle ¢ is taken equal to zero when A lies in the positive XZ plane, as shown in
Figure 1. Following the right-hand rule, the motion is then in the positive Y direction.

The first and simplest case we shall consider, then, is the situation represented by the plate
spinning about an axis coincident with the vector r. This axis of spin will be denoted henceforth by w.
We shall then extend this to the most general case, where the spin axis makes an arbitrary angle with

the vectorr,

Part I: The Spin Axis w is Coincident with r

In this section the case for which the spin axis « is coincident with r is considered.

From Appendix B we have

sinAsinf (sin {sin$ + cos [ cos ¢) (r-cosf) cos A

cosn “

Inserting Equation 3 into Equation 2 we have

Sa

(r2+1-2rcose)1?

(r2+1-2rcose)V? . 3)

( (rcoséd-1) (cosr’)cos & +sinfsing_ cosq;)

P ”LL (r2+1-2rcos )2

(r—cos @) cosA

+ sin)\sinﬁ(sinésin'@*PcosQcosrp)]sinﬁdﬁd;& . (4)



We now consider Equation 1 from which some qualitative statements can be made concerning the

limits of the ¢ and ¢ integration.

The upper limit 6_ of the ¢ integration is determined from the value of £ for which the terrestrial
surface element ds is no longer visible from the plate, that is, £ = n/2. Then, 6_ = cos™1(1/r). Be-
cause the upper limit of the ¢ integration is determined by the fact that the side of the plate inquestion
no longer receives any reflected solar radiation from that particular element dz, one of whose co-
ordinates is ¢, the upper limit ¢_of the ¢ integration can be determined in two ways.

The two quantities which determine ¢_ are the source function Sa cos Sds and the solid angle fac-
tor (cosn) /p’. In the first instance the source function becomes 0 when 8 = {n/2). Then cosfB = 0,
from which

¢, = cos"(- cot 8 cot 65) . (5)
For 3> (n/2), the source function, of course, remains 0. For many values of ¢ and ¢_ the argument of
the cos~!in Equation 5 is less than -1, for which the upper limit of the ¢ integration is = (if we take
advantage of the symmetry and multiply by 2). For other values of ¢ and ¢ the argument will be
greater than +1, for which the source function is always 0.

In the second case where the upper limit of the ¢ integration is determined by the solid angle de-
pendence we see that the incident energy from any element dsis 0 when n>7n/2. The geometrical
representation for this case is shown very clearly in Reference 1. A symmetry condition cannot be .
used here because the source function is symmetric only about the rS plane and this symmetry con-
dition is applicable only to the case where { = 0. Hence,we must consider the situation presented for
a given value of ; as the value of ¢ is varied. For many values of the parameters, the value of cos 7
will never become 0 for any value of ¢. However, for other values of the parameters, the side of the
plate in question ceases to be visible from the elements of areads (denoted by some specific values
of the parameter ¢) and n>7/2. Then, for higher values of ¢ the plate will once again become visible
from d5. From Reference 1 it is clear that the symmetry plane for this situation is the rA plane.
Therefore, we consider the biquadrant { < ¢< (L +7). If the value of cos 7 because 0 at all, it will do so
somewhere in this range of ¢. Because of the symmetry with respect to the rA plane, the value of ¢
somewhere in this range for which cosn = 0, call it¢’, is mirrored in the plane. In other words,
the angle ¢” at which the plate again becomes visible in the range [+w<¢<{+2r is given by
[+m—-¢' = ¢" - ({+m)Or ¢" = 20{+7)-o'. In order to determine ¢’ we equate Equation 3 to 0 from
which we obtain

{r-cosf) coshA
- sinAsiné

= sin{sin¢+cos{cosd.

Transferring the second term on the right-hand side to the left-hand side and squaring gives

2. . 2fr-cosf)cosrcosi  {r-cosd)%cos?A
cos® ¢ + sinA sin@ cosd +

- sin? = 0. (6)

sinZ A sin?4
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The solution of Equation 6 for » will yield, when applicable, two solutions, one each in the ranges
{<¢<l+m and {+m<¢<{+2r symmetric about ¢ = { +7. The solution of Equation 6 is

(7) .

_ —lr-cos®)coshcos{ . (r~cos&)2cos? A
cos¢ = sinA sin0 tsing Y1~

sin? A sin?2

where the double roots are given by the plus and minus signs. Obviously, when [ is equal to 0 or ,
Equation 7 yields only one result, because of the multivaluedness of the cosine function. This follows
quite clearly from the symmetry condition. For these cases, the roots will always lie in the second -
. and third or first and fourth quadrants, with the limiting case ¢ = #/2 and 37/2; one root will never be _
found in the first quadrant and the other in third, for example.

If the absolute value of the argument in Equation 7 is greater than 1, then the roots do not exist
and either the entire spherical cap of the earth lying within the cone defined 'by ¢ is visible from the
plate for all { or it is never visible. The former case occurs when

(r - cos8)
(r2+1-2rcosf?)1/2

0 <X < sin”!

(first quadrant), and the second when

{r-cos?@)
r2+1-2r(:056)‘/2

A > sin”!
- (

(second quadrant). An even more useful range of the parameter A is 0 <A <8, for which the entire
spherical cap of the earth (that portion lying within the tangent cone delineated by 6,) is visible, For
this case the problem is greatly simplified.

Until this point we have discussed only the determination of the upper limit of the ¢ integration by
using the conditions considered above. However, from the considerations of Equation 7 we have
actually obtained both the lower and upper limit. For those cases where i > 8_, Equation 7 is appli-
cable and the limits are given by the two roots already stated. This does not mean that the region of
integration contains the origin necessarily. For example, considering the situation presented by
{ =7 andA = /2, we see that the roots given by Equation 7 are ¢ = /2 and 3r/2. However, the
geometry of the situation clearly shows that the range of integration is from »/2 to 3n/2. Therefore,
the criterion which determines the way of proceeding from limit tolimit is that the range must always
contain the angle .

Since Equations 5and 7 must bothbe consulted in order to determine the relevant range of the var-
iable ¢, it is not practical to attempt to write down Equation 4 as a sum of terms each with the proper
limits of integration clearly shown. A complicating feature is that the limit on the ¢ integration is de-
pendent upon the limits of the ¢ integration; that is, if for a particular case the upper limit of the ¢ in-
tegration is equal to » for certain values of ¢ where 0<¢<g’ <g_ and is given by Equation 5 for
g’ <g<0_, then the appropriate range of the variable 9 must be coupled with corresponding values of
the limits of the ¢ integration.
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For any given value of the parameter ¢ the computer program is written so that Equations 5 and
7 are solved for their respective ranges of the variable ¢ for which the input to the plate is not 0. The
overlapping portions of the regions determined in the above manner, then, represent the cogent ranges
of ¢ over which the function in Equation 4 must be integrated.

Thus far, all discussions of Equation 4 and the limits of integration of ¢ and 4 have been based on
the assumption that the value of { is fixed. Since this is not in general the case, it is necessary to
average the results of Equation 4 over a spin period. This problem was discussed extensively in Ref-
erence 4 and the relevant expressions for various ranges of the parameter { were written. In Equa-
tion 7, the values of the range of the ¢ integration are clearly seen to be dependent upon { as is the
function itself given by Equation 4. The average over a spin period is given by

P = %FP(U dz . (8)

Clearly, the integrals of Equation 4 could be given explicitly, after much labor, as a function of the
parameters and as a function of the upper limits of 4. However, it is doubtful whether Equation 8
could be integrated explicitly except for a few special cases. Consequently, Equation 8 is integrated
by the computer and the results thereby obtained are the spin averages. Of course, in order to per-
form the integration over ¢ the integration over ¢ and ¢ for every ¢ (Ar apart) must be performed. If
in a specific application results should be required for any of these intermediate values of ¢, a very
simple modification of the program will suffice. These, however, do not constitute by themselves
spin averages.

Thus far, the only case considered has been
that in which the spin axis is coincident with r.
Variation of the angle » has been sufficient to
describe all the degrees of freedom here al- !
lowed; that is, the variation of the angle between
the normal to the plate and the spin axis.

>

Part II. The Spin Axis w Makes
an Arbitrary Angle x with r

b3
>

G

In this section the case for which the spin

Rt

axis » makes an angle y with r is considered.
Figure 3 shows the geometry of this new situa-

tion. We introduce a new angle ¢ which defines
the angle between the normal to the plate A and

the axis of symmetry of the satellite « (the spin
axis for our problem). The quantity ¢ is gen-
erally fixed for a given satellite. In addition,
we must introduce another angle «, the

azimuthal angle of » from the rS plane (an angle . .
Figure 3—Definitions of the parameters defining the

similar to ¢). general orientation of the flat plate.
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For this case it becomes necessary to take the zero point of 7 as the point when A lies in the re
plane and the motion is in the direction of the X' axis (see Appendix C, Figure C5). From Appendix
C we have

sin &

{r~cos @)
r2+1—2rcost9)'/2[

(r2 +1-2r c:oséf")l/2

cos 7

(cosxcose—sinxsinecos{,)Jr ( COS ¢ COS K COS € siny

+ singsinkcosesiny + cos pcos xk sin € cos ycos { + sing sin x sin € cosy cos {

+ singcos«sine sin{ - cos¢sink sine sinL] . (9

Equation 9 substituted into Equation 2 now gives the albedo input.

To determine the range of the ¢ integration, equate Equation 9 to 0 making the following substitu-
tions for convenience:

_ (r-cosﬁ)( . .
F = sind COS y COS € -smxsmecosé),
G - (cosxcosesinx + cosksinecosycos { ~ sink sine¢ sin ;) ,
H = (sinxcosesinx*’sinKsinecosxcos§ +cos:<sinesin§).

Then,
-F = Geos¢ + Hsing . (10)
Transferring the first term on the right-hand side to the left-hand side and squaring we have
F? + 2FGcos¢ + GIcos®¢ = HZsin2¢ = H2{1-cos?¢),
from which
(G? +H?) cos?¢ + 2FGcosp + F2 ~ H? = 0 . 1)

Solving Equation 11 for cos ¢ we have

—FGiH,’G’H{’—FZ_ (12)

(e )

cosp =

When « = 0 and { = 0, the problem is symmetric in¢ as before andH = 0. Therefore, it is necessary
to remember that the solution of Equation 12 for these conditions includes two roots, one each in the
first and fourth quadrants or one each in the second and third quadrants. The situation is much more
complicated for the general case because there the angle  is symmetric about the rA plane, which is
not, in general, coincident with the rS plane which defines the angle ¢. If, for example, we consider
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the case presented by « = /2 and { = 0,0r » (where the rA plane makes an angle « with the rS plane),
the solution of Equation 12 reduces to

YH? - F? . (13)

| e

cos¢p = %

Now, we know that if >7/2 at all, one root ¢' say, of Equation 13 must lie in the range 0< (¢p-7/2} <7
and from this we obtain n/2<¢< 3n/2 (for the general case when { = 0, orn and « <¢ <7 +«); the other
corresponding value ¢’ is given by (37/2-¢') = (¢" - 3n/2).

Equation 13 has two roots, one given by the minus sign and the other given by the plus sign. From
the geometry we know that one root must lie in the range /2 <¢< 37/2, a solution corresponding to the
minus sign. However, cos¢<0 for both quadrants given in the range n/2<¢$<31/2, so another
criterion is needed by which the computer can select the proper value of ¢ in such cases. Since the
only ¢ values of interest here are those in the range for which 7 <u/2, the value of cosn given by
Equation 9 must be positive in all such cases. If it is desired to determine the range of ¢ for any
particular values of the set of parameters, and if such a case as the above should occur, the only
course open is to calculate the value of cos7 for both possible values of ¢ and thereby directly de-
termine the one corresponding to n = #/2. If this value of ¢ is the larger value, the smaller ¢ value
will automatically meet all criterion. However, a slightly different approach can be used when the
computer program is written. We must integrate over the relevant range of ¢ for a given value of the
set of parameters, «,x, €, and { (whether or not we ultimately want the average over all values of ¢).
Since the computer does this in arithmetic steps, changing the value of ¢ by A¢ each time, it may as
well start at the value of ¢ representing the symmetry of the given condition. The plane of symmetry
for this part of the problem is the rA plane. If we can determine the value of ¢ for this case, the com-
puter can be programmed to start here and go in the plus and minus directions relative to ¢, and con-
tinue the computation until cos » (which must be calculated at each step anyway) = 0. If cos n does not
become 0 at all, the integration is terminated at + = radians from the starting point. If at the starting
point n > /2, no further consideration is necessary. Proceeding thus, we need only correlate with the
apposite range of ¢ dictated by the source function whichis symmetric about the rS plane. This restric-
tion is given by Equation 5. The starting point ¢, of ¢ as developed in Appendix D is given by
¢y = lcty), for 0<{ <7 and ¢, = {k~v) for m< {<2nm, where

cos € siny * sine€ cos ycos {

cosy [1 - {cosycos € = sine sinycos 5)2]‘/2 ‘ (14)

and where 7y is the angle between the projection of A and « onto the XY plane. It will be helpful to re-
member that y < ¢, the equal sign holding only when x = /2 and { = 37/2 or 7/2. The appropriate
sign from the square root can then be readily determined. When y = 0 the equation has no meaning.

RECAPITULATION

The development is now complete for all the equations necessary to determine the albedo input to
a spinning flat plate in the most general orientation, under the condition, of course, that the plate is
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not shielded at any time by other members of the satellite. However, the equation for this input has
been developed for a "stationary' satellite, that is, a satellite at a fixed altitude and whose satellite-
earth line makes an angle ¢_ with the solar vector. Appendix E gives the development for expressions
for r and ¢_ in terms of general orbital parameters so that transformations may be made with facility
from one set of parameters to the other.

The equation giving the albedo input is

o - §£J‘J'(rcosﬁ-l)(cos@cosﬁs+sin95in€scos¢)cosnsin@d@dcp
T g Jy (r2+1-2rc055)3/2 @)

The value of cos 7 is given by:

sinksinﬁ(sin{sinqﬁ*’cosgcosdﬂ (r-cosf)cosA .
(r2+1—2rc036)1/2 <r2*1—2rcosé’)l/2 (3)

cosn =

when the spin axis « is coincident with r (Part I) and

sin &

(r - cos 8)
(cosxcose‘sinxsinecos (,) + (T;Tz—g)lﬁ‘(cosgbcosxcosesinx
r - 2r cos

(r"’+1—2rcosc9)1/2

cos 7

+ sindsinkcosesiny + cos¢cosksinecosycos { + sin¢sink sine cosycos
X 3 X X

+ sing¢cos k sine sin{ - cos¢sinksinesin{ . (9)

when the spin axis » makes an arbitrary angle y with r (Part II}). The range of the ¢ integration is
0<0<¢_ where g = cos™! (1/r). The limits of the ¢ integration are given by those values of ¢ which
simultaneously satisfy two conditions. For the case considered in Part I (w coincident with r) the two
conditions given by (a) and (b):

(a) 0<¢<¢, ,where ¢ = cos™! (— cot 8 cot 9’) (5)
(27-9,

Y<op<2m note: ¢_ <7 ,

m

and

(b) ¢, < ¢ < ¢,where ¢, and ¢, are given by the solution of the equation

"

-{r=cos@) cosAcos{ . }/ {r-cos8)%cos?A
t sin { -

cos ¢ SinA sin @

sinfAsin?@ (7)
with the condition that ¢, < <¢,, where we mean only to imply that the angle { lies between the limit-
ing values of ¢, thereby excluding the path from ¢, to ¢, that does not include the angle {. For the
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case considered in Part TI (» makes an angle y with r) the two conditions given by (c) and

(d):
(c) 0<¢<q, where ¢ = cos™! ('- cos & cot 85)

(21-¢ ) <o <20 note: ¢ <7 ,

and
(d) P, 2 ¢ <P, where the roots ¢/ and ¢, are given by the solutions to
_ -FG :H yG? + H? - F?
cos¢ = (G2+H2) ’ (12)
where
r - cos?® . .
F T eind (cosxcose—smxsmecosQ) )
G = (cosxcosesinx+cosxsinecosxcosL-sinxsine sing,),
H = (sinxcosesinx‘rsinxsinecosxcos§+Cosxsinesin;) s

with the condition that the path from ¢/ to ¢, must contain the angle («+v), for 0<{<w, and {(« ~7y)
for =< { <27, where

_ cos € siny + sin € cos y cos {
cosy = ’ (14)

[1 - (cos ycos e -sine siny cos ;)2] v

In fact the angles {« +y) or (x -y) —depending upon the value of ¢ in question—lie exactly midway be-
tween the angles ¢/’ and ¢, .

This equation has no meaning when yx = 0.

In addition, as is pointed out in Appendix C, we need only consider the following ranges of the
parameters « ,y, and ¢ for the general case: 0<y<w, 0<e<n/2, and 0<x<w. For any value of
¢ > (n/2) the same physical picture is obtained if y is replaced by (n -x), e by (m=¢),and « by (7 + «).
Any value of «>» can be replaced by its equivalent value (27 -«). Therefore, the incident power
(averaged over () obtained, for example, for x = 150% ¢ = 110°and « = 30°, is identical to the result
obtained for y = 30° e¢= 70°and « = 150°
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CONCLUDING REMARKS

It should be quite clear from the foregoing that the equation for the reflected solar power input
to the spinning plate—even though it has not been solved explicitly—is an exact expression only for
the geometric aspects of the problem. The assumption that the earth is a perfectly spherical diffuse
reflector is necessary if the equation is not to be a much more complicated expression than it already
is. However, these assumptions are not as serious (the error introduced by them is probably
negligible in a first approximation even if enough were known to treat them analytically) as the as-
sumption that the reflectivity is latitude and longitude independent. Undoubtedly there is a variation
in this parameter with position on the earth and also a variation with time. If this ¢ and ¢ dependence
were known in some explicit form it could easily be introduced into the equations. However, since
information of this kind is not now available, the use of a hemispherical average would seem justified.
It is also obvious that the figure of 0.34 used for the magnitude of the albedo, being a yearly
hemispherical average* is not correct for many atmospheric conditions, in particular extreme cloud
cover. Assuming that these conditions can always be represented reasonably well by an average
value it still follows that the albedo might increase or decrease at any given time by a factor of 2 or
more. However, by taking the mean value we introduce this parameter as a multiplicative factor.
Consequently, the results of this paper can easily be modified at any time.

Appendix F and G contain in graphical form the results of two example calculations; Appendix
H contains a Fortran program for the general problem; and Appendix I contains curves showing the
distribution of albedo energy on the proposed Echo II satellite, thereby illustrating the utility of a
flat plate analysis for the purpose of determining energy distributions.
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Appendix A

The Calculation of the Angles B8 and ¢

From Figure 1 we have the two angles 8 and ¢ to calculate. The angle 5 is the angle between d=
and - S. The coordinates in thex, Y, z frame of reference are:

-S, = $§sind, d¥, = dZsinfcos¢ ,
-s, = 0 dS, = dEsinfsing, [ (A1)
-s, = - Scosé, &5, = - dicosf . )
Therefore,
cosf = cosfcosf  t sinfsinf cosd. (A2)

The angle ¢ is the angle between ds and-p. We need only determine the coordinates of -pin the X, Y,
Z frame which are,

= Py = -,Dsinc'cosqb.W
- Py T ~ psinosing, > (A3)
- p, = " pcosac.
J
Therefore,
cosf = cosocosf - sinocsind., (A4)

In terms of the angle of integration ¢ the expression for cos ¢ becomes,

rcosf - 1
(r24r1-2rcosﬁ)l/2

cos &

(A5)
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Appendix B

The Calculation of cos » when w is Coincident with r

To determine the value of cos 7 for the case
when w is coincident with r consider Figure BI1.
The angle o is the angle between r and . The
X axis lies in the Sr plane normal tor, or the
Z axis. The spin « of the satellite is determined
from the right-hand rule. The azimuthal angle
of spin ¢ delineates the position of A as it spins
about w. Since the vector A will lie in the xz
plane for two values of the angle ¢, » radians
apart, the zero value of { is defined to occur
when A lies in the xz plane and when the motion
at that time is in the positive Y direction. This
zero value of ; is shown in Figure Bl. In the
general case, the symbol ¢ represents the angle
between A and w, but in the present case this is
synonymous with A so we shall use the latter
notation.

The components of the vectors A and p are

given by
. N

Px " psinocos ¢ A, T AsinAcos {,

Py ~ psinosing Ay, = AsinAsinl, >

Py T pcoso A, = Acosh. )
Therefore,

A p . . . . . .
cosm ~ “Ap = sinoccos¢sinicos { + cosocosh t sinosingsinAsin .

X
XA
- A
3 A
43 hd
<
.
T
| d
]
[}
]
)
|
1
L}
i
¢

Figure Bl—Geometry for determining cos 1 when w is

coincident withr.

In terms of 6, the angle used in the integration, we have,

{r~cos8)cosxr sinf sinA

cos 7}

(r2+1—2rcost9)l/2 ¥ (r2+1—2rcosﬁ

)1/2 (cos¢cos { +singsin ) .
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Appendix C

The Calculation of cos n when w Makes an Angle x with r

Figure C1shows the general case. In order
to determine cos 7 we introduce a new coordi-
nate system, the primed system. The projec-
tion of w onto the Xy plane is defined as the X’
axis. The x' axis makes an angle « with the
X axis. Therefore, the primed coordinate sys-
temis obtained bya rotation of angle « about the
Z axis. The or plane, by definition the X'Z’
plane, is now the plane from which the angle {

is measured.

As before [ = 0 when A lies in the X'z’
plane and the motion is in the positive Y’ direc-
tion. In Figure Cl, the top position of A shows
the ¢ = 0 position.

We now introduce the direction cosines
cos u, cosv , and cos A where u, v, and A are the
anglesbetween A and X’, Y',and Z', respectively.

The components of the vectors A and p are
now:

A, = Acosyu
AY' = Acosv
Al = AcosA

€
X

N

CONE OF PRECESSION
OF A ABOUT W.

»>
>»>

o)
.
®)

-

X

the angle between A and .
the angle between wandr.

Figure C1—Geometry for determining cos n when

pcoso.

psinocos (¢-«),

psinosin{g=-«), >

makes an angle x with r’,

~

(C1)

However, before calculating cos  , we must determine cosy, cosv, and cosA. In Figure C2 we de-,
pict the coordinate system X, Y,andz, used for determining cos A . The Z axis lies along »; the X axis
is normal t0 « in the Z'w plane and the Y axis lies along Y'. The X, Y, Z coordinate system is obtained

by a simple rotation of the primed system an angle y about Y'.

19
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positive Y direction. This coordinate system meets

z
the specifications as shown in Figure Cl: that is,
t
W z
3 L = 0, A= x t €
X
: .
| L = 7, A= y=e for e <y
I A
|
« L A = e-y for e >y.
= |
: The coordinates of A and Z' are:
4 | ~
I A, = Asinecos { Zx' = = Z'siny,
l X X
I
Ay = Asinesin{ Z-,‘_,' = 0, 7 (C2)
A, = Acose Z, = Z'cosyx.
Y - - J
Figure C2—-H|us’frcﬁon of the "barred"” Therefore,
coordinate system.
A7 T
cosA = AZ’ = cosecosy ~ sinesinycos{. (C3)

In Figure C3 we depict the geometry from which we can determine the angle .. The coordinate sys-
tem used is the X, Y, Z system defined in Figure C2. The coordinates of A and X' are:

N
v
A, = Asinecos{ Xx' X' sin(i—x),

It

A_! = Asinesin{ Xl’ o, r(c‘l)

IN

- i = T (l
A, = Acose X, = X' coslp —x).
x J

2

7' Therefore,

€ A-X
cosp T TaxT T cosesin;p‘sinecosxcosé.(Cs)

Using the condition that the sum of the squares
of the direction cosines is equal to unity, we have

cos?y = 1-(cos ecos Yy~ sine sinycos L)z

Y

Figure C3—Geometry for determining the angle . - (cos e siny + sin € cos  cos ). (C8)
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Squaring and reducing Equation C6 we have
cosv = sinesin{ . (CT)
Now, from Equations C3, C5, and C7 we have
cosm - sinocos{@-«)cospy + sinosini{gp-«)cosv + cosocosh . (C8)
Expanding Equation C8 we have
cos7 = sinolcos@cos«tsingsink) (cos € siny tsin € cos y cos C,)
+ sino (sin¢cosk —cos $sink) sinesin { + cos o (cos y cos € -~ siny sin € cos Q) . (C9)

And in terms of the angle of integration & we have finally

sin &
(r2 +1—2rcos€)l/2

cos 7 [cosq.‘)cosxcosesinx + sin¢gsink cos € siny + cos ¢ cos xksine cos ycos {

+ singsinksinecosycos { + sing¢gcos«xsinesin{ ~ cos¢sinx sine sin {

{r~cos?8)
(r2+1—2rcosf9

Yi72 [cos e cosy — sinesinycos L] . (C10)

It might be well to point out here that identical results will be obtained by a reflection of the vec-
tors ¢ and A in a plane normal to ». It then follows that for any given values of «, x, and ¢ an entirely
equivalent physical picture is obtained if we replace these values by (« +a), (W-x), and (#-¢€}, re-
spectively. However, this reflection causes the rotation of A about « to be in the opposite sense from
what it was before. The zero point and positive direction of { remain the same, but the coordinate
system is rotated, so the consequences of the reflection of » is that the geometrical configuration that
was presented at { = n/2 before reflection is presented at { = 3r/2 after reflection. Consequently,
the total number of calculations required to cover the entire range of the parameters x and ¢ is re-
duced by a factor of 2. In addition, geometrical changes given by the parameter « are symmetric
about the Sr plane so that we need not consider any values of « other than 0 <« <7.
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Appendix D

The Calculation of the Angle v

To determine the angle » between the Ar
plane and the ro plane consider Figure DI1.
From Appendixes B and C we can write

Asinicosy = Acospu . (D1)

Here, y is the angle between the projection of
A onto the X' Y' plane and the X' axis (the angle
between the Ar and re planes. Obviously,
¢ = (k+y) for0<y<m,and ¢ = («x-y) form<y<2m
Then v

cos e siny + sinecosycos {

cosy = [ (D2)

1
- (’:osxcose—sinxsinecos Q)z] 2
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Appendix E

Determination of the Parameters Used in This Report in Terms of the
General Orbital Parameters

If we assume the gravitational field to be spherical (that is, to have a 1/r potential), then the
orbit on an artificial satellite will be an ellipse with the earth at a focus. Such an orbit represented

in polar coordinates, is

R a(l—e’)
= 1+ecos(y~-B)" (E1)

where

r = the radius vector from the earth's center to the satellite,

a = the semimajor axis of the orbit,

e = the eccentricity of the orbit,

¢ = the azimuthal position of the satellite in orbit measured from some fixed direction in space,

B = the angle between the projection of the solar vector (taken this time to be positive from the
earth to the sun) onto the orbital plane and r, where r_ is the radius vector at perigee.

The angle B, then, serves as one of the angles which determines the orientation of the satellite
orbit. The remaining angle s, which determines the orientation, is defined as the angle between the
orbital plane and the solar vector. The zero point of the angle y is measured from the projection of
the solar vector onto the orbital plane and the positive direction is taken as the direction of motion
of the satellite. Hence, the value of r at perigee, r_, is given by Equation E1 when (¢ -B) = 0; and
likewise the value of r at apogee r_ is given when (y-B) = 7.

Since for many purposes the satellite orbit is specified in normal apogee and perigee values we

have

and



Figure E1 shows the geometry of the gen-
eral case. In it the azimuthal angle ¢ and the
angle & are clearly shown. The vector r cor-
responding to ¢ = 01is called r'. The a axis lies
in the plane of the orbit along r’. The 3 axis
lies in the plane of the orbit normal to r’, and
the » axis lies in the Sr’ plane normal to r’.

il

Then
r, = rcosy S, = Scos3s,
rg = rsiny Sy = 0,
B
r, = 0 s, = Ssiné,
v
. from which we have
Figure E1—A pictorial representation of the a, 3, co-
ordinate system and the satellite orbital parameters.
cosf, = cosycosd. (E2)

Throughout the body of this report we have made use of a set of parameters defining the orienta-
tion of the satellite and its spin axis with respect toa coordinate system whose originlies in the earth.
And, the results of sample calculations for specific values of these parameters are presented in Ap-
pendixes F and G. In the following discussions the type of problem presented in Appendix G is used
as it represents the most general case.

The values of the parameters there chosen represent only a possible set of the instantaneous
values an actual satellite will encounter. A satellite in orbit, whether it is "free" so that its angular
momentum vector is constant—apart from external perturbations—or whether its angular momentum
is fixed with respect to the earth or fixed with respect to the sun (the latter two conditions being ac-
complished by internal orientational correction mechanisms)will experience instantaneously changing
values of the parameters 6_,y, and «. In order to determine these values for any given time, it is
necessary to know not only the orientation of the orbit and its parameters but also the angle between
the solar vector (now defined to be positive from the satellite to the sun) and the spin axis I', and the
variation of this angle with time,

Of course, there is nothing sacredabout this particular angle insofar as the contents of this paper
are concerned. However, the satellite is, after all, only a means of placing scientific instruments in
the space environment: for any meaningful interpretation of data it is necessary that the orientation
of the satellite be known, and the most readily available and usable reference system is the sun. Con-
sequently, this angle I will always be continuously made available as part of the data from the satel-
lite itself. This is not so for some of the parameters used in this work. Since no unique set of
parameters exists with which to treat the problem it can always be argued that a rather unfortunate
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choice was made. However, since this is predominately a matter of taste the author deems it es-

sential to retain parameters pertaining to the satellite-earth system—the only problem under con-

sideration—in order to minimize the difficulty of the required integrations. And since a solution in
closed form may not exist, at least in any form which could be termed reasonable, the usefulness
of retaining a parameter (the angle ") the functional dependence of which is required but cannot be
determined explicitly, is doubtful. It can also be argued that the methods derived herein will be useful
not for the purpose of determining the incident energy at every instant (which would scarcely be of
interest) but will be useful for determining the upper and lower limits that any particular satellite

component can be expected to experience.

As alluded to above, we have three situations with which to deal. The simplest of these from the
present point of view is the case of fixed orientation of the spin axis with respect to the satellite-
earth line. If ¥ = 0, which for the case under consideration will probably be most often the situation,
the problem reduces to the least complicated form. A knowledge of " here (though necessary to in-
sure the constancy of x) is not essential for the solution of our problem. If, however, x # 0 but is
constant, the problem is only slightly more complicated because now « is free to change unless the
spin axis is also fixed with respect to the Sr plane (see Figure C1). This complication is rather
trivial, however, and if « is not fixed, all values will probably be experienced and the maximum and
minimum power inputs can be readily determined. The consideration of this point will be left to the
reader (a knowledge of ' may be helpful here).

A more complicated problem presented by an equally likely number of satellites is that for which
the spin axis orientation is constant with respect to the sun. Here we needonly a functional relation be-
tween " and y for various values of the position of the satellite in orbit.

The third situation is the one for which the angular momentum vector is fixed in space (a quite
common state of affairs apart from perturbations)and it requires, in addition to the functional relation
just mentioned, a functional relation giving the variation of I" with time of year; and this in turn requires
a knowledge of the value of [ at injection.

We will now derive the most important of these functional relations.

Figure E2 shows the satellite orbit geometry and defines a new coordinate system, the x-, y”, 2~
system. The X" axis is coincident with the radius vector r and the Y~ axis lies normal to r in the
plane of the orbit. The z” axis is normal to the orbital plane and its sense is determined by the di-
rection of motion of the satellite in orbit (normal to the page and towards the reader in Figure E2).
The positive or negative direction of 5 is determined by whether S lies above or below the orbital
plane (that is, its projection along z“ is positive if above the orbital plane, or negative if below). In
addition, the absolute value of § need never be taken greater than /2,

To determine the relation between I' and ¥ we need only determine the components of S and w (not
shown) in the X", Y", Z" system. Using the angle ¢ as previously defined, we have the components

2 “



of S:

Y L - ~
Sy’ * Scostcosy,
Sy =-Scos’siny, (E3)
S, = Ssiné.

To determine the components of w we need
to know the angle A between « and the orbital
plane and the angle 0 between r and the projec-
tion of w onto the orbital plane. For the case of
constant angular momentum, the angle A will be
constant and equal to its value at injectiona, .

T cosd

Figure E2—A pictorial representation of satellite orbit
geometry and definition of the double primed () co-
ordinate system. This does not take into consideration its change

due to environmental perturbing effects, but

such changes are made available from satellite
data. Its value is also taken plus or minus in the same sense as the angle 3, For the possible case
where the spin axis is constantly oriented to coincide with the solar vector—either in a plus or minus
sense—the angle A is equal to +8. In the former instance (when « is constant in space) the angle 0 is
given by

Q0 = QO - {y-B"), (E4)

where B'is the value of 4 atinjection. If the satellite is injected at perigee B' = B. The value Q, of the
angle between wcos A and r, (where r, is the radius vector at injection)is taken positive in the direc-
tion of 4, and y is positive in the direction of motion of the satellite: that is, if wcosA is normal to
r, at injection (tangent to the orbital plane) and in the direction of motion, then 0, = n/2;and if wcos A
is tangent to r; but in the direction opposite to the motion, then Q, = 37/2. In Equation E4, the re-
sulting value of (o will sometimes be negative but will always correspond to the proper value of
measured positive as defined for Q,. The angles A; and ), defined here are commonly referred to as
the angles of yaw and pitch at injection, respectively. Therefore, the components of w are:

wx” = wcoslAcosD,
wy' = wcosAsin(, (E5)
w, = wsind,
We can now write
cos” = cos8cosycosAcosy - cosdsinycosAsin® + sinAsind . (E6)
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As yet we have not derived an explicit functional relation between I and x. In fact, it should be
obvious that since we can determine the X" component of « we automatically have the angle between
»and r. From Equation E5 we have

cosy' = cosfhcos(), (ET)

where x' is the angle between « and r . Remembering that the r used in this appendixis in the opposite
sense from the r used in the actual problem (see Figure E2) we have x = {n-x') The solution of x'
from Equation E7 lies in the range 0<x’ <#. The expression given in Equation E6, then, is not neces-
sary to determine the value of y. However, in the event that the value of A or 0 has changed so that
one or the other cannot readily be determined, Equation E6 provides a method for determining the un-
known one from a knowledge of " which is normally made available.

The value of the angle « (the angle between the projection of both » and S onto the plane normal to
r, the Y* 2" plane) is now given by

(Ssind ) - (u sinxl
Swsin® siny !

cos K =

where Ssind, and wsiny are for the present considered as vectors.

Clearly the Y” and z” components of these vectors are jdentical to the Y” and 2" components of
S and » determined in a different manner above, that is, Equations E3 and E5,

(Ssin@s)yn = - Scosdsiny,
(Ssin@s)zu = Ssind,

and
(w sinx)yn = wcosAsin(l,
(msinx)zu = wsind,

so that

sin 8 sinA - cos § cos Asin{lsiny
sinf_siny

COS K -

(E8)

Because of the great length required to discuss the variation of 3, 4, and O as a function of time
of year, these considerations will not be included here.
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Appendix F

Graphic Results Giving the Incident Power as a Function of the Parameters r,eo; ,
and A for a Representative Sample of the Case for which w is Coincident with r

The graphs that follow present the incident energy to a spinning flat plate for the case in which
the spin axis is coincident with the satellite-earth line. The results have been calculated to an alti-
tude of 200 km. Each of the four graphs has been calculated for a different value of the parameter
6, : These values are: ¢, = 0, 30, 60, and 90 degrees. On each graph, various curves generated by
the parameter A are given.

Thus far, we have only spoken about the case for which y, the angle between « and r, is zero. We
need not go to the more complicated general case to treat the case given by x = 7. The results pre-
sented herein are applicable for this latter situation. However, before the values can be found from
the graphs, it is necessary to first determine the appropriate values of the parameter A. To determine
the value of A to which any of the given curves corresponds when y = =, merely subtract the value of
 given on the curve from 180 degrees. Hence, the curve drawn for x = O degrees, A = 40 degrees
corresponds to the situation given by x = 180 degrees, » = 140 degrees. And conversely, to deter-
mine the given curve to use for a chosen value of A and for y = =, merely-subtract the desired value
of A from 180 degrees. Hence, the curve to use for y = 180 degrees, » = 80 degrees is the given
curve for y = 0 degrees, » = 100 degrees.
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Appendix G

Graphic Results Giving the Incident Power as a Function of the Parameters r, 6,
x, x, and ¢ for a Representative Sample for the General Case

The graph (Figure G1) contained in this appendix presents the results of an example calculation.
The values of the parameters used are: y = 60 degrees, 6 = 30 degrees; « = 0 degrees and 180
degrees; and ¢ = 30 and 60 degrees. The average incident power is plotted as a function of altitude
out to 2000 km. This example is included only as an illustration of the method presented in this paper.
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Appendix H

Fortran Program for the General Case

This appendix gives the program (in Fortran notation) for the general case. In addition, the re-

sults of a sample problem are given so that the readout format can be seen.

For the evaluation of the double integral, Equation 4 (which give P), and to obtain the average
(Equation 8), the following data must be put into the program. All angles are expressed in degrees.

Table H1

Correspondence of Computer Notation to Analytical Notation.

Computer Notation

Analytic Notation

GL1
THS1

THMX
DTHS
THS1
S2
ALF
DX1
DPHI
CHI

En

K

6, that is, the first _

last &_

the increment by which the 6_'s are augmented

8, + jf, = THMX

the increment of [
the increment by which ¢ is measured

X

€

The Fortran listings of the program are given first; the subroutine used by the program is given

next. Sample data cards are also listed.
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40

FORTRAN IBM 7090 PROGRAM FOR CALCULATIONS OF THE GENERAL CASE

EARTH REFLECTEC SCLAR RADIATICN FALLING ON SPINNING FLAT PLATE

3
4
5
13C0

1301

1302

11

12

13

14

15

44CX,y 20HPHI

CTIMENSICN P{1C0C),T{100C),XS(100C0),SX(1000},CX(1000},CP(1000),

1 SP(10CC),CTHI1C0O0),STH{1000)
FCRMAT (OPF7.4,1P7E15.4}
FCRMAT (TEL1C.5)

FCRMAT (1P6F19.7)

FORMAT (1HC,13X,SHKAPPA,16X,3HCHI 12X, THEPSILCN, 18X, 1HR,12X, THTHET

1A S, 12X, THAVERACE)

FCRMAT (1+1,36X,20HKAPPA. . seeecacnnsneaaylPELS.T/40X,20HINITIAL THE

1TA-See o eey IPELS.T/40X, 20HMAX,
2=S INCREMENT ..oy IPELS.T7/40X,20HS e e e sonceoscnncasasesy IPEI5.7/40X,20
3HALPHAceeesooenvnnsans IPELIS.7/4CX,20HCZETA INCREMENT ... 1PELS. T/
INCREMENT caveweer IPELIDS.T/4CX,20HCH I v vnnesccccnnsansrll
SE15.7/4CX ) 20HEPSILCN e ssanvesveaesr 1PELS.T//)

THETA-Seeseaeesy 1PELS5,7/40X,20HTHETA

FCRVAT (1HO,3X,14,42H VALUES OF DOUBLE INTEGRAL FOR GIVEN DZETAS)

DTR= 1,74532925E-02

KkKTb= 1.C/CTR
PI=3.1415G926
TUPI=PI+PI]
PI2=0,5#P]
P14=C.25%P]

REAC INPUT TAPE 2,4,GL1,THS1,THMX,DTHS,SZ,ALF,DX1,DPHI,CHI1,EI1l
WRITEQUTPUTTAPE3,1301,6GL1,THS1,TH¥X,DTHS,SZ,ALF,DX1,0PHI,CHIL,EIL

SAP=ALF#SZ/P1]
TES1=DTR#THS1
THEMX=DTR#THMX
DTHS=DTR#DTHS
PGL=GL1
PCHIL=ChI1
PEIL=CI1
CHI1=DTR#CHI1
ET1=CTR=EI1l
GL1=CTR=GL1
GLMX=DTR&GLVX
DGL=CTR=DGL
DPPHI=DTR*CPHI
DX1=CTRx*DXx1
1=0

X==CX1

TUPE=TUPI - [DX1

X= X+DX1

IF {X-TLPE) 12,12,13

I=1+1
CX{I1)=CCSF({X)
SX{I)=SINF(X)
GC 7C 11

Iv=1 .
FIM=FLOATF{IV)
1=0

PFI=-DPHI
PHI=PHI+DPEI

IF(PHI-TUPII15,15,16

[=]+1

CPII1)=CCSF(PRI)
SP{I}=SINF{PHI)

GC TC 14



EAPTH REFLECTEL SCLAR RADIATICN FALLING ON SPINNING FLAT PLATE

16 Kv=1
10 REAT INPUT TAFE 2,4,4R
IF (R} 646,111
111 GRA= 1.C/R
R21=Rxx2+1,0
TEM=ATANF{SCRTF{1.U-CRA#%2)/GRA)
IF {THM¥) 112,10C,100
112 TEM=THM + PI
1Co IF (THVM-PI4) 5C450,51
5C CTH=THM/26.C
CC 7€ 52
51 DTH=THM/50.C
52 GL=CL1
CHIL=CKIT,
EIL=Etl1l
I=0
TH==-CTH
17 TE=TH+CTH
iF(TH-THM)1E,18,20
18 I=1+1
CTH{T)=CCSF(T+)
STH{I)=SINF(TH)
cC 1C tf
2C Jv=1
31 CL=COSFI(CL)
SL=SINF(GL)
CCHIL=CCSFICRIL)
SCHIL=SINF{CHIL)
CEIL=CCSF(EIL)
SEIL=SINFI{EIL)
THS=THS]
GC TL 3¢
35 TES=THSHLTHS
IF{THS-THMX)36,36,1C
36 CSTS=CCSFI{TES)
SNTS=SINF{TES)
PTHES=RTC#THS
CC 125C I=1,IV
DC 11C0C J=14JF
RCTE=R=CTEH(J)
RCTHM1I=RCTH-1.C
R21R=R21-2.C+RCTH
FAC=STH(J)}=RCTHM1/(R2]IR®RZIR)
CTThS=CTH{J}#LSTS
STTHS=STHIJ)}*SNTS
SLST=SL*STH{J])
RVMCTHL=R-CTK{J)
DC 1CO7 K=1,K¥F
CR=CTTHS+STTHS=*CP{K)
IF{CB)1CC3,1C03,10C4
1003 P{K}=0.0C
GC TC 1C07
1004 CETA=RMCTHL*{CCHIL*CEIL-SCHIL*SEIL*CX{I}}+STH{J)#(CP(K)}#CL*CEIL#SC
THIL + SP{K)*SL*#CETL#SCHIL + CP{K)#CL*#SEIL=#CCHIL=CX{I} + SP{K)=S{_ =5
2EIL*CCHIL*CX(I) + SP{K)#CL#SEIL*SX{1} = CP(K)#*SL#SEIL#SX(I)}
IF(CETA)10C5,1005,1CC6



EARTH REFLCCTED SCLAR RADIATICN FALLING ON SPINNING FLAT PLATE

1CC5 P(K)=C.C
GC 710 1CO07
10Cé PIK)=CB=CETA
1CC7 CCNTINUE
1C10 CALL SIMP[P,KVM,ANS)
11CC T{J)=ANS#FAC
12CC CALL SIMPIT,JVM,yANS)
1250 xS{1)=SAP«ANS«CPHI*CTH/G.0
TCLT=0.0
CC 1251 IX=1,1IM
1251 TCUT=TOLT+XxS(IX)
AVE=TOLT/FIV
WRIFE CLTPLT TAPE 3,1200
WRITE OLTPLT TAPLC 3,5, PGL,PCHIL,PEIL,R,PTHS,AVE
WRITE CLTPLT TAPE 3,1302,1IM
WRITE CLTPLT TAPE 3,5, (XS{I2),12=1,1WM)
GC TC 35
ENC(O'O'O'1101011!0!070’0’0101010)

SULRRCUTINE SIFP{P,K,ANS)

SUBRCUTINE SIVMP(P,K,ANS)
CIVENSICN P[1C0C)

1C10 TENC=K-1
SLM=C.0
bC 1Cl1 IXx=2,1ENC,2

1011 SUM=SUM+P{IX)
TENC=TENC-1
SLM2=0.C
DC 1C12 IX=3,1FENDC,2

1012 SULM2=SUNM2+P(IX)
ANS=P{1)+4P[K)}+4,0#SUM+2,.02SUM?
RETURN
END(Cy0+0,+1+4040,1,0,0,+0,0,0,0,0,0)
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Appendix 1

Energy Distribution Predicted for the Proposed Echo II Satellite

This appendix presents a graph (Figure I1) showing the distribution of albedo energy on the pro-
posed Echo II satellite. The satellite is assumed stationary at an altitude of 700 nautical miles. In
this case, the angle » designates the angle between the normal to the surface area of the sphere and
the satellite-earth line. The azimuthal average input to a zone lying between A and (x +dr),is identi-
cal to the average input to a flat plate of elemental area spinning about the satellite-earth line at an
angle . The average incident power is plotted as a function of » for various values of the param-
eter 4_.
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Figure |1—Prediction of the distribution of incident albedo energy on the Echo Il (R = 700 nautical miles)
satellite for various values of &_ .
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